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Biomimetic Carbon Nanotube Films with Gradient
Structure and Locally Tunable Mechanical Property

Zhigiang Lin, Xuchun Gui,* Zhiping Zeng, Binghao Liang, Wenjun Chen, Ming Liu,

Yuan Zhu, Anyuan Cao,* and Zikang Tang

Naturally existing materials often acquire unique functions by adopting a gra-
dient structure with gradual change in their microstructure and related prop-
erties. Imparting such an elegant structural control into synthetic materials
has been a grand challenge in the field. Here, the concept of gradient struc-
ture into macroscopic carbon nanotube (CNT) films is employed and the CNT
arrangement from well-aligned array to completely random distribution, in a
continuous and smooth way, is changed. Gradient films with tailored aligned-
to-random transition rate or multilevel hierarchical structures with repeated
transition have been fabricated. Local deformation and mechanical proper-
ties are directly related to the arrangement of CNTs and can be tailored by
Herman's orientation factor; in particular, the elastic modulus and stiffness
span over several orders of magnitude from aligned to random regions within
a single monolithic film. Controlled synthesis of macroscopic CNT gradient
structures with tunable mechanical properties opens a potential route toward
manufacturing biomimetic functional materials with locally optimized design.

friction and a high toughness in the inner
layer to resist crack propagation.’! Simi-
larly, fish armour combines distinctly
multiple reinforcing composite layers,
which were connected by graded junc-
tions between ganoine-dentine layers.”]
It is suggested that the gradient junction
with a gradual spatial change in properties
could significantly promote load transfer
and stress redistribution, thus preventing
delamination between dissimilar layers.?
Such gradient mechanical properties of
biological materials have inspired scien-
tists to construct biomimetic structures
by synthetic materials,'™! including alloy,
polymer, and composite.}*-8l For example,
a biomimetic composite with local elastic
moduli tunable over five orders of mag-

1. Introduction

Biological materials with gradient structures and locally tuned
mechanical properties are self-protecting, functional strategy
to achieve unusual mechanical properties.l™¥l These structures
exist in nature widely, both in animals and plants. For instance,
the teeth of many animals exhibit a bilayer structure that
includes a remarkable surface hardness to withstand mastication
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nitude has been prepared by site-specific
reinforcement and tailoring the concentra-
tion of reinforcing platelets.®! The variable
mineral content on nonwoven mat of nanofibers could result in
a spatial gradient in the stiffness of the scaffold.”] In addition,
in typical composite structures, the sharp interfaces where pre-
mature failure often occurs due to the stress concentration, have
been replaced by a gradient interface that produces a smooth
transition, resulting in higher performance of the materials.**!
Carbon nanotubes (CNT5s) with excellent mechanical proper-
ties have been widely used to assemble 3D bioinspired struc-
tures, including aligned arrays, lightweight highly porous
sponges, and aerogels.>" For example, CNT arrays with strong
adhesion force to solid surface were used to create gecko-foot-
mimetic dry adhesives.!'! For 1D nanostructures such as CNTS,
their alignment is the most important structural factor that
determines the mechanical property of CNT-based materials.
As a result, macroscopic CNT structures show a wide range of
strengths and moduli depending on their configuration (how
CNTs are assembled).”!%18] Vertically aligned CNT arrays, an
anisotropic configuration, show compressive moduli ranging
from several MPa to tens of GPa along the axis direction.[*1617]
In comparison, isotropic aerogels and sponges consisting of
randomly overlapped CNTs are typically very soft (with lowest
moduli on the order of kPa).ll1-1419 Recently, there have been
a number of studies in exploring how to synthesize vertically
aligned multiwalled or single-walled nanotube arrays with tai-
lored configuration. Their results suggested that the degree
of alignment depended on the catalyst distribution,?*2!! while
disturbance of carbon source and catalyst precursor during
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the growth period could induce structural heterogeneity such as
the formation of horizontal bands across the array.??~2°! Despite
those efforts, controlled synthesis of gradient CNT structures
that could mimic biological systems remains a huge challenge,
and related properties of gradient CNTs are still unknown.

Here, we report a method to fabricate biomimetic gradient
CNT films in which the CNT arrangement changes smoothly
from well aligned array to random spatial distribution. Such
effective and large-degree control of the CNT configuration
within a single macroscopic monolith has not been realized
before. The resulting gradient structure exhibits elastic moduli
and stiffness values spanning over several orders of magni-
tude from aligned to random regions. We have performed in
situ and dynamic mechanical tests to investigate the compres-
sive behavior of gradient structure CNTs and interpreted the
relationship between local deformation and the degree of CNT
arrangement quantitatively. In particular, we find that Her-
man's orientation factor (HOF) is an important factor that can
tailor local mechanical properties across a wide range.

2. Results and Discussion

Gradient CNT samples were fabricated by a floating catalyst
chemcial vapor deposition (CVD) process that combines the
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recipes for growing aligned CNT arrays and random sponges
as reported previously.'2%l Specifically, liquid carbon source
(xylenes and dichlorobenzene) were mixed in situ with
changing concentration to induce structural transition during
CVD (see the Experimental Section for details and Figure S1
in the Supporting Information). Monolithic structures with a
size of 10 X 4 X 1 mm? were synthesized and peeled off from
substrate as freestanding films (Figure 1a). From the side, the
color changes from relatively bright in the top part to relatively
dark approaching the bottom (Figure 1b). Due to different light
reflectivities,””) CNTs in aligned arrangement usually appear
brighter (grey color) while random arrangement looks darker.
Thus the color change indicates the formation of gradient struc-
tures containing both aligned and random regions along the
thickness direction of the film. The thickness of gradient struc-
ture portion in the CNT film can be tailored but not limited in
the range of 200-400 pm (two samples shown in Figure 1b).
The gradient CNT also could be repeated to form multilevel
hierarchical structures (illustrated in Figure 1c). Many natural
materials possess such kind of structure.[?8! For example, bam-
boos have a graded porous structure (with changing pore size)
at the cross section that is responsible for enhanced stability
under different forces from nature (Figure 1d).[?%)

Morphology evolution in the gradient CNT films was char-
acterized by scanning electron microscopy (SEM). It can be
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Figure 1. Gradient CNT films. a) An as-grown gradient CNT film with a size of 10 x 4 x 1 mm3. b) Two gradient CNT films with different structure
transition rates. The CNT films include two portions: CNT array and gradient CNTs. The total thickness of the CNT film is about T mm for both, but
the gradient structure portion is =200 and 400 pm, respectively. The darker color portion in the films has a gradient structure, and the brighter grey
portion consists of aligned CNTs. c) lllustration of a gradient CNT film with a multi-level periodic hierarchical structure. d) Picture of bamboo with a
gradient porous structure. ) SEM images of a gradient CNTs showing that the orientation of CNTs gradually and continuously transits from aligned
(position 1) to random (position 4). After FFT of the SEM images, we obtain diffraction patterns of each position, which change from linear to circular,
and the corresponding f values change from 0.54 to 0.13, starting from position 1 down to position 4. f) 2D mapping of f values for the gradeint
region in (e). g) Continuous changing of f values along the thickness of gradient CNT film. h) Periodical, repeated change of f values in a multilevel

hierarchical gradient film.
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seen that the CNT arrangement gradually changes from well
aligned to random along the thickness direction at the cross
section (Figure le). Initially, only one carbon source (xylenes)
was injected into CVD furnace, and an aligned CNT array was
grown as the top portion. After that, adding the other carbon
source (dichlorobenzene) disturbed aligned growth and caused
loss of initial alignment. Approaching the bottom portion (final
stage of growth), the CN'Ts were completely random like the
typical morphology of CNT sponges reported by our group.'!
Although the morphology changed significantly from the top
to the bottom portion, there was no obvious interface present,
indicating the formation of gradient structure with smooth
transition. This is because CNTs grew continuously across the
gradient structure, while the only change was their reduced
alignment with increasing dichlorobenzene concentration. The
influence of dichlorobenzene on the arrangement of CNTs is
ascribed to the chlorine-containing precursors which can pro-
vide the Cl to combine with hydrogen radicals during CVD.B%
The low H radical's contented condition is

favorable to form the disorder CNTs with

www.afm-journal.de

(Figure 1f). We also fabricated multilevel gradient structures in
which CNTs changed from aligned to random and then from
random to aligned, with f values decreasing and increasing
alternatively within a certain range (0.34-0.52) (Figure 1h;
Figure S4, Supporting Information). Although it was found that
the arrangement of CNT in CNT arrays also change from disor-
dered to aligned, this transformation is slight and irreversible,
resulted from the self-organization of CNTs due to crowding
effect (Figure S5, Supporting Information).

During CVD, the instant concentration of dichloroben-
zene (Cy,) added into the mixed carbon source was increasing
continuously, and this concentration determined the mor-
phology of growing CNTs. Under our conditions, a Cg, range
of 10%-50% was suitable for forming gradient structure; the
f values decreased from 0.55 to 0.13 when the Cg, increased
from 10% to 50% (Figure 2a). When the Cy, exceeded 30%,
the gradient structure continued to grow at the bottom part,
but another layer of random sponge would form on top of the

. o 06 b) os
thin-walled CNTs.''3] Transmission elec- (@) (b) docllis
tron microscopy (TEM) examination revealed 054 0.5 =§- * ‘:
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After fast Fourier transform (FFT) of the
SEM images, we obtained the CNT arrang-
ment information in a reciprocal space (right
row of Figure le). From the top to bottom,
the FFT images gradually transform from
linear to circular as the structure shifts
from ordered to random. HOF (fj calculated
based on the FFT images (see the Experi-
mental Section) was used to quantitatively
describe the CNTs orientation. The fvalue in
the aligned region equals to 0.54, consistent
with other aligned multiwalled nanotube
arrays (f = 0.55)2*3233 and lower than the
superaligned single-walled nanotube forests
(f= 0.85).2% The fvalue gradually decreases
across the gradient structure until 0.13 at
the bottom of the film (Figure 1g), meaning
a very random arrangement and comparable
to single-walled CNT sponge (f = 0.13).11420]
Low arrangment region (lower f value) also
shows high structure defects in the Raman
spectra. The intensity ratio of G peak to D

© £014

peak (Ig/Ip) also gradually decrease with the
decreasing of f value in the gradient CNTs
(Figure S4, Supporting Information).

mapping of f value shows a gradient struc-
ture in the vertical direction and an isotropic

structure in the horizontal plane of the film  respectively.
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Figure 2. Tailoring structural transition rates of the gradient CNT films. a) f values of the
gradient CNTs synthesized by different dichlorobenzene concentrations (Cy,) in the carbon
source solution. b) fvalues of gradient CNT samples synthesized with different initial volumes
of xylene (Vy), showing an increase of the transition rate with lower V;. ¢,d) SEM images,
FFT patterns and fvalues of two samples synthesized with a xylene volume of 10 and 50 mL,
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Figure 3. In situ SEM characterization of gradient CNT films under compression cycles. a) SEM images showing the deformation process of a gra-
dient CNTs as the compressive strain gradually increased to 50% and then decreased to 0%. b) Schematic of the deformation behavior of gradient
CNTs. c¢,d) High-magnification SEM images of the bottom (random part) in the gradient under 50% compressive strain and after loading, respec-
tively. e) Structural change of the samples under compression showing the compressed regions of specific f values (f=0.13, 0.29, 0.39, and 0.47,
respectively) in accordance to different strains (¢ = 0-30%) and reduced thickness. Inset shows the local stiffness values (derived from DMA) of

regions with different fvalues.

film, resulting in a triple-layer sponge—array-gradient structure
(Figures S6 and S7, Supporting Information).

When dichlorobenzene was added, its concentration
increase depended on the initial volume of xylene solution
(Vo) based on which the rate of change in dichlorobenzene
concentration was calculated (see the Experimental Section).
Consequently, this rate would influence the fvalue change per
film thickness (so-called transition rate in the gradient struc-
ture). At initial xylene solution volumes of 10-50 mlL, the f
value in all three samples dropped from >0.5 to nearly 0.1,
but with different slopes (Figure 2b; Figure S8, Supporting
Information). The transition rate was about 0.77 mm™! when
using 50 mL xylene solution, and was enhanced to 2.75 mm™'
for a lower xylene volume (V, = 10 mL). Different transi-
tion rates can be clearly observed in gradient samples pro-
duced at V, = 10 or 50 mL, respectively. SEM images show
that both samples have similar fvalues at the end of gradient

© 2015 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

structure (also the random part at the bottom) (f= 0.13 and
0.14, respectively) (Figure 2c,d). About 100 pm distance away,
the f value increases to 0.37 for the sample synthesized at
Vo = 10 mL (higher transition rate), while f only increases to
0.26 for V, = 50 mL.

Mechanical behavior of our gradient CNT films was inves-
tigated by in situ SEM characterization. A 1.2 mm thick gra-
dient film was compressed along the thickness direction
between two flat stages installed in SEM. A maximum strain
of € = 50% was set for loading and unloading cyclic tests, and
snapshots for specific strains (e = 0%, 10%, 30%, 50%, respec-
tively) were recorded in sequence (Figure 3a). Upon loading,
the bottom part (random CNTs with lower f value) was com-
pressed first by forming wavy folds to accommodate the com-
pressive strain. During the loading stage until € = 50%, the film
was compressed from the bottom to the middle, with more
horizontally collective folds forming and propagating upward.

Adv. Funct. Mater. 2015, 25, 7173-7179
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Figure 4. Mechanical Characterization of the gradient CNT films. a) fvalues dependence of the storage modulus (E’), loss modulus (E”), and damping
ratio (tg O) of the gradient CNT films. b,c) Frequency dependence of the storage modulus and loss modulus of the gradient CNTs tested in a frequency
range of 0.1-100 Hz at different f values. d) Compressive stress-strain curves of CNT arrays, sponges and gradient CNT films with different transition

rates of 0.77, 1.03, and 2.75 mm™".

This observation indicates that CNT arrangements with lower
fvalues (more random) tend to deform earlier than those with
higher fvalues (aligned array) (illustrated in Figure 3b). Upon
unloading, the folds were expanded back into the original
random morphology and the film returned to initial thickness
(Figure 3c,d), indicating elastic recovery during large-strain
deformation.

The compressed (folded) portion with a specific f range
was correlated with each compressive strain (Figure 3e). At
& =10%, the portion corresponding to f= 0.13-0.29 has been
compressed. When ¢ increased to 30%, portions with a wider
range of fvalues (0.13-0.47) could be compressed while those
with high f (0.47-0.56) remained straight. The corresponding
mechanical properties (stiffness and elastic modulus) could
be obtained from dynamic mechanical analysis (DMA) at
predefined compressive strains (and f values). Our gradient
CNT films have stiffness (1.1-494.4 kN m™) and elastic
modulus (0.2-82.3 MPa) spanning over three orders of mag-
nitude for tailored CNT arrangements (f = 0.13-0.47) (inset
of Figure 3e; Figure S9, Supporting Information). Such stiff-
ness range achievable within a single material free of macro-
scopic interfaces is greater than that of other artificial graded
composites,” and is slightly lower than that of heterogeneous
composite materials.’] It was reported that lower density
regions of CNT arrays usually tended to buckle before higher
density parts,'®3-37] but here the gradient structure CNT has
the same density with the aligned part as measured from

Adv. Funct. Mater. 2015, 25, 7173-7179
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macroscopic films with different size. Therefore, the major
factor that tailors local mechanical properties as shown here
is the Herman's orientation factor, rather than the difference
in material density.

Further DMA characterization demonstrated that the vis-
coelastic properties (storage modulus, loss modulus, and
damping ratio) of the CNT films also strongly depended on the
arrangement of the CNT. For example, an increase in f value
results in consistent increase in both moduli (Figure 4a). Fre-
quency dependence tests (Figure 4b,c) showed constant vis-
coelastic properties of the gradient CNT film in a wide range
(0.1-100 Hz) at any local region between f = 0.13-0.54, indi-
cating excellent reversible deformation and fatigue resistance
even in very high frequency, similar to CNT or graphene porous
structure.l'*38 In addition, mechanical behavior of gradient
CNT films also depended on the transition rate, or how fast
the fvalue changed along the thickness. Compressive stress—
displacement curves for samples with three transition rates of
0.77, 1.03, and 2.75 mm™! (corresponding to an initial xylene
solution volume of 10, 30, and 50 mL, respectively) show quite
different behavior during loading (Figure 4d). Pure aligned
CNT arrays (f > 0.5) appear to be the stiffest sample, with a
compressive displacement of only 15.6 pm at 0.1 MPa stress. In
comparison, the displacement under the same stress increases
to 116.4, 162.8, and 294.5 pm for gradient samples with transi-
tion rates of 0.77, 1.03, and 2.75 mm™! , respectively, while pure
random CNT sponges show largest deformation.
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3. Conclusions

Macroscopic CNT films with controlled gradient structure
have been fabricated through a simple CVD process and their
mechanical properties investigated. Our CNT films contain
a continuous and smooth transition from aligned arrays to
completely random distribution, which is distinct from pre-
vious CNT-based materials or heterogeneous composites with
abrupt interfaces. Local mechanical properties such as stiff-
ness and elastic modulus are determined by the Herman's
orientation factor, and span over three orders of magnitude
within a single monolithic film. It might be possible to infil-
trate or graft specific polymers into these CNT films to make
reinforced nanocomposites with gradient microstructure
(changing from anisotropic to isotropic gradually) as well as
locally tunable mechanical and electrical properties. Gradient
CNT structures and composites provide an exciting opportu-
nity in extending applications to those areas where accurate
and special gradient of material configuration and property
are required.

4. Experimental Section

Synthesis of CNT Blocks with Gradient Structure: CNT films with
gradient structures were synthesized by CVD process in a horizontal
tubular furnace using ferrocene as catalyst precursor, and a mixture of
dichlorobenzene/xylene solution as carbon source. Ferrocene powders
were dissolved in dichlorobenzene and xylene to make homogeneous
solutions with a concentration of 60 and 20 mg mL™, respectively.
During growth, firstly, the xylene solution was injected into the reaction
tube to synthesize aligned CNT arrays at an speed of 0.4 mL min~". After
gowth of 15 minutes, the dichlorobenzene solution was injected into
xylene solution at a speed of 0.2 mL min~' (at this moment, the volume
of xylene solution was recorded as V;). At the same time, it formed a
uniformly mixed soultion (dichlorobenzene/xylene solution) under rapid
stirring, which was then injected as carbon source for growing gradient
structures. During this process, the xylene or dichlorobenzene/xylene
solution was uninterruptedly injected into reaction tube at the same
speed. The CVD system adopted a reaction temperature of 850 °C, and
a mixture of carrier gas of argon and hydrogen at flowing rates of 2000
and 300 sccm, respectively.

The concentration of dichlorobenzene in the mixed carbon source
solution can be calculated by

Var _0.2
Cao=" =yt m

where V is the total volume of the mixed solution and t is the growth
time when using the mixed solution as carbon source.

Structural Characterization: The microstructure and morphology of
gradient CNTs were characterized by SEM (Hitachi S-4800) and TEM
(JEM-2010HR). The SEM equiped with a miniaturized compression
station were applied to test the in situ morphology of samples at
different compressive strains. Mechanical properties were tested by
a single-column mechanical testing system (Instron 5943) equipped
with a 1 kN load cell and two flat-surface steel compression stages. The
size of gradient CNTs for mechanical test is about 10 x 10 X 1 mm3
(length by width by thickness). Viscoelastic properties were examined
by the compression mode Dynamic Mechanical Analyzers (NETZSCH
DMA 242c). The tests were carried out at room temperature. Dynamic
oscillatory testing was used, where a sinusoidal stress was applied to the
samples and a sinusoidal strain was measured.

Herman’s Orientation Factor Calculation: HOF, f, has been used to
assess the orientation of fiber and nanotube.?%23% Here, we use fvalue

© 2015 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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to evaluate the orientation of the CNTs, which was calculated from the
standard formulation as defined by

f= %(3(cosztp)—1) (2)
2 2si
(cos?0) Jo I(j))cos ¢singdp o)
JZ1@)sin? pdo

where ¢ is the azimuthal angle between the structural unit vector and
the reference dircetion. /(@) is the internsity profile as a function of ¢.
1(¢) is derived from FFT images, which is based on SEM image of the
sample at an angle of ¢. The value of fis equal to 1 for a structure with
perfect orientation parallel to reference direction and 0 for randomly
oriented samples.

Supporting Information

Supporting Information is available from the Wiley Online Library or
from the author.
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